Background. Current two-dimensional quantitative echocardiographic methods of volume assessment require image acquisition from standardized scanning planes. Left ventricular volume and ejection fraction are then calculated by assuming ventricular symmetry and geometry. These assumptions may not be valid in distorted ventricles. Three-dimensional echocardiography can quantify left ventricular volume without the limitations imposed by the assumptions of two-dimensional methods. We have developed a three-dimensional system that automatically integrates two-dimensional echocardiographic images and
errors in calculation of ventricular volume and function.8 '9 Three-dimensional echocardiography eliminates the limitations imposed on two-dimensional echocardiography and allows quantification of ventricular volume without the need for standardized imaging planes or geometric assumptions. Previously, however, applicability of three-dimensional systems was limited by the time required for operator-dependent integration of images, their spatial location, and their time of acquisition within the cardiac cycle.'0"' Recently, our laboratory developed a system that automatically integrates twodimensional echocardiographic images and their position in real time.12 A surfacing algorithm has also been developed that can calculate left ventricular volume using multiple intersecting or nonparallel images. By use of the full strength of the three-dimensional data set, the limitations of acoustic access and registration of individual two-dimensional images can potentially be overcome and accuracy improved. In studies using phantoms and excised ventricles, static left ventricular volumes calculated by three-dimensional echocardiography agreed closely with actual volumes. 13 However, accurate assessment of left ventricular volume in the beating heart may be more difficult than in these in vitro settings because of the effects of cardiac motion and contraction in contrast to isolated, highly echogenic phantoms. Therefore, the purpose of this study was to determine the accuracy of three-dimensional echocardiography in the assessment of left ventricular volume and ejection fraction in the beating heart. Thus, a canine model was created that permitted direct measurement and alteration of instantaneous left ventricular volume. In addition, the three-dimensional echocardiographic technique was applied in the quantification of stroke volume in human subjects.
Methods

Animal Preparation
Ten mongrel dogs with a mean weight of 32±2 kg (range, 27 to 34 kg) were anesthetized with pentobarbital sodium (30 mg/kg IV). The animals were intubated and mechanically ventilated. Left lateral thoracotomy was performed, and the heart was suspended in a pericardial cradle. After the great vessels were ligated proximally, the animal was placed on total heart bypass as previously described.14-16 With this preparation, systemic and coronary sinus venous return were diverted to a bubble oxygenator. Oxygenated blood was pumped to the ascending aorta and femoral arteries via indwelling cannulas. The left coronary artery was perfused in a normal fashion with oxygenated blood from the ascending aorta. If the right coronary artery was obstructed at its ostium because of its proximity to the ligature around the aorta, a cannula diverted blood to the proximal right coronary artery via a left internal mammary artery bypass. After the sinoatrial and atrioventricular nodes were destroyed, right ventricular epicardial pacing was initiated to maintain a constant heart rate throughout the experiment (80 to 90 beats per minute) (Fig 1) . An incision was made in the left atrium, and a latex balloon was introduced into the left ventricle through the mitral valve. The balloon was connected to a calibrated extracardiac reservoir (rigid polyurethane column of 3/4-in internal diameter) as adapted from Suga and Sagawa.17 Thus, the left ventricular cavity was isolated from the remainder of the circulation. To ensure that the balloon conformed maximally to the contour of the left ventricle, chordae tendineae attaching the papillary muscles to the mitral valve were cut. The thebesian venous return into the left ventricle was drained by a small cannula (24 gauge) inserted into the base of the mitral annulus. This ensured that in all cases the balloon/ endocardial interface was contiguous. The balloon reservoir system was sutured to the mitral annulus, and the column was maintained in a vertical position (Fig 1) .
A port at the lower end of the column allowed known amounts of fluid to be added or withdrawn and a micromanometer-tip catheter (Millar Mikro-tip, Millar Instruments, Houston, Tex) to be introduced. During the experiment, the tip of the pressure manometer was positioned at the junction of the column and the left ventricle. Right ventricular pressure was also monitored by a micromanometer-tip catheter introduced through the anterior wall of the right ventricle.
The balloon-reservoir system was incrementally filled with aliquots of distilled, degassed water imaged with the aid of a water bath for acoustical coupling and transducer standoff. Echocardiographic imaging was performed with a hand-held 3.5-MHz transducer using intersecting long-and short-axis planes. The scan time necessary to acquire a complete set of images for the reconstruction was no longer than that needed for two-dimensional imaging and was typically less than 2 minutes. As previously described, the position of the ultrasound image in space was determined with three spark gap locating devices attached to the transducer.'1'2"8 These spark gaps bore a fixed relation to the plane of the sector scan. During imaging, each spark gap was fired in rapid succession and emitted that determined the spark gap location by triangulation. A 386-series personal computer interfaced to both the transducer locating system and the ultrasound machine initiated continuous spark gap firing and calculated the location of the transducer in real time. 12 The spatial accuracy of this system has been demonstrated to be on the order of 0.1 mm. 18 The positional data (cartesian coordinates) were then encoded digitally and overlaid on an unused portion of the video signal that comes directly from the ultrasound machine. The software allowed new spark gap positions to be updated in real time within the video refresh time of 33 milliseconds. Thus, each videoframe has corresponding imaging, ECG, and spatial data (Fig 2) .
Three-dimensional Echocardiography: Left Ventricular Reconstruction and Display
After image acquisition, the same computer was used for data retrieval and analysis. For each study, up to 27 (typically 10 to 22) representative images were selected from video playback and then digitized off-line. Each time an image was digitized, the locating data were automatically decoded within 1 second and used to calculate the three-dimensional location of the image. Diastolic images were defined as those with the largest left ventricular area near the peak of the QRS, and systolic images were defined as the smallest left ventricular area.
The balloon/endocardial interfaces from these digitized images were manually traced with a digitizing board (Summagraphics Inc, Seymour, Conn). Tracing of images was performed by personnel who were blinded to measured left ventricular volumes. Areas of lateral dropout or indistinct borders were not traced, since the computer algorithm was designed to tolerate incomplete or partial traces. Since spatial location was already determined, each trace was automatically oriented in three-dimensional space. Selecting and tracing systolic and diastolic images typically required 20 to 25 minutes per reconstruction.
Each series of traces was displayed by the computer in three-dimensional space, thereby allowing the observer to review the overall consistency of the traces as well as to ensure that the ventricle had been adequately sampled. The surface of the left ventricle was then reconstructed by a previously described automatic computer algorithm.12 In brief, an initially spherical template composed of an array of 20 lines of latitude and 40 lines of longitude of equiangular spacing was positioned at the geometric center of the traces. The intersections of the lines of latitude and longitude defined an array of 800 grid points to which a set of 800 rays were drawn from the center point of the sphere. The length of each ray was then adjusted to best fit the trace data within the angular vicinity of the direction of the ray. The ventricular surface was then represented by connecting the end points of adjacent rays to form a contiguous series of triangular patches. Contiguous tetrahedrons were then defined by connecting the end points of each of these surface triangles to the center point. Left To examine observer variability, a second observer independently digitized and traced 14 volumes (7 diastolic, 7 systolic). The observer variability was 3.3 cm3, or 6.0% of the mean.
Stroke volume. Stroke volume was calculated for the 38 paired data points. As shown in Fig 5, 13 .30%) (Fig 6) . This excellent agreement between three-dimensional and actual ejection fraction was still present when symmetrical and asymmetrical ventricles were analyzed separately (mean error, -1.69±5.87% vs 1.38±4.81% symmetrical vs asymmetrical; P=NS). Again, there was no significant correlation between error and actual ejection fraction.
Studies in Humans
Image quality was acceptable for both three-dimensional and Doppler quantification of stroke volume in all 19 subjects (Fig 7) . As shown in Fig 8, Discussion Quantitative three-dimensional echocardiography requires both accurate determination of the location of the images in three-dimensional space and an accurate algorithm to reconstruct the surface of the structure of interest from the images. The three-dimensional echocardiographic system used in this study combines rapid three-dimensional data acquisition with the ability to integrate images from multiple intersecting (nonparallel) planes to provide a three-dimensional measure of volume. By using a canine model that allowed direct measurement of instantaneous left ventricular volume, we have demonstrated that three-dimensional echocardiography can quantify left ventricular volume, stroke volume, and ejection fraction in the beating heart with minimal error. Since ventricular shape could be altered by ischeniia or right ventricular overload, this experimental model allowed the validation of three-dimensional echocardiography in the volumetric reconstruction of both symmetrical and distorted ventricles. Furthermore, we demonstrated the feasibility of its use in humans by comparing it with another noninvasive measure of ventricular function and found an accuracy similar to that in the open-chest, balloon-filled ventricle.
The feasibility of three-dimensional echocardiographic quantification of volume in the ejecting left ventricle has been examined both experimentally and clinically.10'21-28 Initial approaches used mechanical arms that allowed accurate registration or control of the three-dimensional location of the transducer.10,21,24 Although such mechanical devices provide the most direct method of spatial registration of images, they limit the choice of imaging planes and may prolong the time needed for data acquisition.' The limitation of imaging planes may be of particular importance in clinical settings where suboptimal acoustical windows may necessitate imaging of the left ventricle from multiple nonstandard imaging planes, with the result that such devices have been largely abandoned. Three-dimensional volume assessment has also been performed with a transesophageal single-plane transducer containing precision potentiometers that register the tilt of the transducer head.22 23 However, the accuracy of this approach may be limited by difficulty in visualizing the apex and base of the left ventricle and possible inflation of their boundaries during reconstruction of the ventricular surface .22 In contrast, the use of an acoustical locator system, as in our study, does not restrict the position of the transducer, as long as the spark gap devices are within the line of sight of the microphone receivers.18,29 Thus, the operator is free to choose the optimal scan planes necessary for complete imaging of the left ventricle. In our experimental study, long-and short-axis scans were used because they allowed for the most convenient transducer positioning in the open-chest preparation. However, we found that accurate assessment of left ventricular stroke volume in humans by this method could be performed with apical scans. These results confirm prior in vitro studies that found excellent accuracy in volume reconstruction regardless of the imaging planes used. '3 Early reports of three-dimensional echocardiographic volume quantification have used either Simpson's rule or a modification of that approach.125-27 In these studies, parallel short-axis images either were directly acquired or were derived from a set of nonparallel short-axis images. Excellent accuracy in volume assessment using multiple parallel short-axis images has been reported by Eaton et [30] [31] [32] [33] [34] In our study, the error in calculating volume by three-dimensional echocardiography appeared random, since there was no systemic overestimation or underestimation of actual volume. The small differences between calculated and true volumes observed in this study could be attributed to several technical sources of variability, including measurement of true volume, digitizing of images, and tracing of borders. Variability in the measurement of true volume by column height was minimized by the use of a column in which a 1-cm error in reading the column height would be translated into <1-cm3 variation in absolute volume. It is hoped that the process of selecting and tracing images will be even more consistent and less time-consuming with the development of digital ECG gating and automatic boundary detection. When three-dimensional echocardiography is applied clinically, two additional sources of variability are present: respiratory motion and heart rate variability. In the experimental portion of this study, respiratory motion was eliminated in the cardiac bypass model, and the heart rate was controlled by pacing. In the clinical portion of the study, respiratory motion of the heart was minimized by imaging during apnea, and the heart rate variability was slight, since all subjects were in sinus rhythm. Potential methods to control these variables include gating data acquisition to phases of the respiratory cycle, averaging volumes acquired over many cardiac cycles, and image acquisition during a single scan. 35 Furthermore, since the image selection and tracings were performed by a single observer in this study, an increase in the variability of volume assessment would be expected if multiple observers contribute to the data set. Hence, when this method is applied clinically, accuracy will be optimized if one observer analyzes all data sets or the average of measurements from two observers is used.
In summary, three-dimensional echocardiography can quantify left ventricular volume and systolic performance without the limitations imposed on two-dimensional echocardiographic algorithms. In this study, the three-dimensional echocardiographic system of image acquisition and surface reconstruction was accurate in the assessment of left ventricular volume, stroke volume, and ejection fraction in both symmetrical and distorted left ventricles under optimum conditions. This was also extended to the conditions encountered clinically, and an acceptable degree of accuracy was demonstrated in human subjects without heart disease. Since many of the algorithms for calculating left ventricular volume from two-dimensional echocardiograms may be inaccurate as ventricles develop asymmetrical shapes, a particularly important role of three-dimensional echocardiography may be in the assessment of ventricular performance in patients with altered ventricular geometry such as that after myocardial infarction. The accuracy of this method in patients with a variety of cardiac abnormalities and ventricular sizes and shapes will need ventriculography was used as a standard of comparison further examination. The development of digital gating and automatic boundary detection will facilitate the clinical application of three-dimensional echocardiography to addressing clinical and research questions.
